Parathyroidectomy is recommended by the clinical guidelines for dialysis patients with unremitting secondary hyperparathyroidism (SHPT). However, the survival advantage of parathyroidectomy is debated because of the selection bias in previous studies. To minimize potential bias in the present nationwide cohort study, we enrolled only dialysis patients who had undergone radionuclide parathyroid scanning to ensure all patients had severe SHPT. The parathyroidectomized patients were matched with the controls based on propensity score for parathyroidectomy. Mortality hazard was estimated using multivariate Cox proportional hazard models adjusting for comorbidities before scanning (model 1) or over the whole study period (model 2). Our results showed that among the 2786 enrolled patients, 1707 underwent parathyroidectomy, and the other 1079 were controls. The crude mortality rates were lower in the parathyroidectomized patients than in the controls. In adjusted analyses for the population matched on propensity score, parathyroidectomy was associated with a significant 20% to 25% lower risk for all-cause mortality (model 1: hazard ratio 0.76, 95% confidence interval 0.61 to 0.94; model 2: hazard ratio 0.80, 95% confidence internal 0.64 to 0.98). We concluded that parathyroidectomy was associated with a reduced long-term mortality risk in dialysis patients with severe SHPT.
Parathyroid hyperplasia-related secondary hyperparathyroidism (SHPT) is common in dialysis patients 1 . Increased risk of death has been associated with serum levels of intact parathyroid hormone (iPTH) in excess of 600 pg/mL 2, 3 . Conventional medical treatments, such as phosphate binders and vitamin D sterols, are seldom effective when parathyroid glands have progressed from diffuse hyperplasia to nodular hyperplasia 4 . Therefore, the National Kidney Foundation Kidney Disease Outcome Quality Initiative (NKF-K/DOQI) guidelines recommend surgical parathyroidectomy (PTx) for dialysis patients with persistent serum iPTH > 800 pg/mL, especially when SHPT has resulted in hypercalcemia and/or hyperphosphatemia that are refractory to medical therapy 5 . Although the introduction of calcimimetics in 2004 appears to have caused a reduction in PTx rates 6, 7 , the Scientific RepoRts | 6:19150 | DOI: 10.1038/srep19150
position of PTx as the principal therapy for unremitting SHPT seems unshaken because randomized controlled trials have failed to show definite effects of calcimimetics on all-cause and cardiovascular mortality 8, 9 . However, the recommendation of PTx in the guidelines is not based on solid evidence either. No randomized controlled trial has been conducted to compare the outcomes of medical and surgical therapy for SHPT. The largest retrospective cohort study, comparing 4558 dialysis patients undergoing PTx with the same number of matched controls not undergoing PTx, did show a lower relative risk of death in the PTx group 10 , yet the strength of this finding was potentially confounded by not matching for serum iPTH level and comorbidity, the two factors that are most likely to affect the clinical decision for PTx [11] [12] [13] . Other factors that are associated with the incidence of PTx and hence should be controlled in a cohort study include age, sex, dialysis duration, dialysis modality, renal transplantation, serum calcium, phosphate, and hemoglobin levels 7, [11] [12] [13] [14] . Comprehensive control over all risk factors is almost impossible for small observational studies, which is probably the reason for the conflicting results yielded from several studies addressing the issue of PTx outcomes in dialysis patients [15] [16] [17] [18] [19] . The present study is a nationwide cohort study comparing the rates of all-cause mortality among dialysis patients undergoing PTx with those of a non-PTx control group. To minimize potential selection bias, we enrolled only individuals who had received radionuclide parathyroid imaging to ensure all patients had severe SHPT. We also aimed to control for confounding by appropriate matching techniques and multivariate adjustment in the statistical analyses.
Results
The flow diagram of patient selection is shown in Fig. 1 . The final study population consisted of 2786 hemodialysis (HD) or peritoneal dialysis (PD) patients who had received radionuclide parathyroid scanning in the study period from January 1, 1998 to December 31, 2010. Among them, 1707 (61.3%) patients who had undergone PTx after scanning were classified as the PTx group. The other 1079 (38.7%) patients who did not undergo PTx were classified as the control group. In the PTx group, 183 (10.7%) patients underwent auto-transplantation of parathyroid gland (supplementary information).
The average time for the dialysis patients to undergo their first parathyroid scan was 4.61 ± 2.98 years after the initiation of dialysis, at a mean age of 54.0 ± 12.5 years old (Table 1 ). In comparison with the controls before matching, the PTx patients tended to be younger; with a lower proportion of males; receiving HD rather than PD; on regular dialysis for a longer duration; and less likely to have comorbidities including diabetes mellitus, hypertension, and cardiovascular diseases ( Table 1 ). The differences in the distributions of the above variables between Figure 1 . Patient selection. The aim of the selection is to identify maintenance dialysis patients who had received radionuclide parathyroid imaging, and hence are regarded as having severe secondary hyperparathyroidism. The reasons for exclusion are listed in the box. PTx, parathyroidectomy. the two groups were largely balanced after matching, except that the proportions of hyperlipidemia, peripheral vascular disease, and gastrointestinal bleeding were higher (standardized difference > 0.10) in the matched PTx group (Table 1) .
Among the 2786 enrolled patients with parathyroid scan data, 492 died during the study period. Before matching, the PTx group had a longer mean follow-up time (3.37 ± 2.47 years vs. 2.62 ± 2.32 years) but smaller number of deceased cases (234 vs. 258 deaths) than the control group, which resulted in a lower incidence rate of death (407/10,000 person-years vs. 914/10,000 person-years). The trend of difference between the two groups was reduced but not reversed after the matching process ( Table 2 ). The mortality rates of parathyroidectomized patients and propensity score-matched controls were 470/10,000 person-years and 848/10,000 person-years respectively ( Table 2) . Cox proportional hazard model was used to overcome the residual differences in confounding after propensity score matching. It indicated that PTx was associated with a reduction of all-cause mortality rate in the matched population (hazard ratio = 0.76; 95% C.I. 0.61-0.94) after adjustments for age, sex, dialysis modality, dialysis duration, and comorbidities before parathyroid scan (Table 3 , model 1). The survival benefit of PTx remained when the comorbidities before and after parathyroid scan were adjusted for in the Cox model (Table 3 , model 2), with a hazard ratio of 0.80 (95% C.I. 0.64-0.98). For sensitivity analysis, we also applied the Cox proportional hazard models to a population matched on individual characteristics, and the results were similar (Supplementary Table S4 ). 
Discussion
In this retrospective and matched-cohort study, we found PTx to be associated with lower risk of all-cause mortality compared with matched controls not undergoing PTx. Our results corroborate the findings of the large observational study conducted by Kestenbaum et al., in which long-term relative risk of death among PTx patients was 10% to 15% lower than that of matched controls 10 . However, the strength of our conclusions might be greater than that of previous studies for two reasons. First, by restricting enrollment to patients who had undergone a parathyroid scan, we ensured that severe SHPT was present not only in the PTx group but also in the control group. By contrast, the uncertainty of SHPT status in previous large cohort studies might weaken the comparability between the controls and the patients undergoing PTx 10, 20 . Second, the inclusion of comorbidities in the propensity score and the matching process of our study largely diminished the concern that patients undergoing PTx might be healthier than those not undergoing surgery. This potential selection bias has been acknowledged as the major limitation in previous studies 10, 20 , and indeed our unmatched PTx patients were less likely to have underlying diabetes mellitus or cardiovascular disease compared with the unmatched controls ( Table 1 ). The matching processes minimized the gap or even reversed the trends of comorbidities between the two groups, and yet the protective effects of PTx remained, consistently suggesting the therapeutic efficacy of PTx for severe SHPT.
Very recently, a nationwide cohort study conducted by Komaba et al. also demonstrated a survival benefit of PTx in Japanese hemodialysis patients with severe SHPT 21 . The strengths of this study include its large sample size, matching 4428 PTx patients with the same number of controls, and access to biochemical parameters including iPTH, serum calcium, phosphorus, and albumin. However, the PTx patients in the study were enrolled at the time PTx had been done, thus the clinical data before PTx were unknown. This type of study design may be a source of bias favoring PTx because confounding by indication could not be adequately adjusted for, and mortalities immediately after PTx were not accounted for 22 . Our study complements the study of Komaba et al. since our PTx patients were enrolled before surgery. Given that radionuclide parathyroid imaging is usually performed as a pre-PTx routine, both the PTx and non-PTx patients might be referred for the examination under the same indication that their physicians considered them eligible for surgery. With this potential indication and further matching by the propensity score for PTx, our study even more closely approximates the design of a clinical trial, which largely diminishes the confounding by indications. Thus, together with the study of Komaba et al., our results provide further evidence supporting the survival advantage of PTx.
Corroborating the effectiveness of PTx in the treatment of SHPT is of special importance in the era of calcimimetics. Both PTx and calcimimetics aim to improve survival by suppressing iPTH levels, but their efficacies have been questioned due to the potential bias of previous cohort studies and the inconclusive results of the Evaluation of Cinacalcet Hydrochloride Therapy to Lower Cardiovascular Events (EVOLVE) trial 9, 10 . The intention-to-treat Table 3 . Hazard ratios (HR) and 95% confidence intervals (C.I.) for Cox proportional hazard models predicting all-cause mortality, adjusted for comorbidities present before radionuclide parathyroid scan or in the whole study period. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0. analysis of the EVOLVE trial failed to show a reduction in mortality associated with cinacalcet. However, some authors argued that this trial actually suggested a survival benefit of calcimimetics because its statistical power was only 54% and the per protocol lag-censoring analysis showed a significant 17% reduction in mortality 9, 23 . Our study was minimally confounded by calcimimetics since the approval date of cinacalcet in Taiwan (January 29, 2010) was less than 1 year prior to the end of follow-up. Therefore, in the nationwide cohort, the 20% to 25% reduction in the relative risk of mortality associated with PTx reaffirmed the therapeutic value of lowering iPTH level for SHPT. Whether the same magnitude of efficacy is applicable to calcimimetic agents deserves further investigation.
The exact mechanism by which SHPT increases mortality remains unclear, but predisposition to cardiovascular disorders has been proposed as a possible link 24 . Whether PTx improves survival via reducing cardiovascular risks may not be clearly answered by an observational study like the present one because many cardiovascular risk factors (e.g. age, sex, diabetes mellitus) are themselves associated with increased incidence of PTx 7, 13, 14 . Nevertheless, the protective effects of PTx remained significant after adjusting for the adverse impacts of old age, male sex, diabetes mellitus, and cardiovascular diseases including acute myocardial infarction, congestive heart failure, peripheral vascular disease, and cerebrovascular accident ( Table 3 ), implying that PTx may exert its benefits beyond the adjusted factors. To make matters even more complex, we found that two conventional cardiovascular risk factors, hypertension and hyperlipidemia, were paradoxically associated with reduced adverse events ( Table 3 ). This phenomenon was also seen in another NHIRD study 25 and regarded as a characteristic of the reimbursement data. Since a diagnosis in NHIRD is coded for the claims of specific examinations and/or treatments, patients with the diagnostic code of hypertension and/or hyperlipidemia are usually also prescribed antihypertensive and/or antilipidemic agents. Thus, the significantly lower hazard ratios of these conditions might actually reveal the benefits of associated treatments.
Some limitations in our study should be discussed. First, even though patients with severe SHPT were successfully identified by their history of receiving radionuclide parathyroid imaging, lack of iPTH, serum calcium, and phosphorus data prevented us from performing a detailed comparison of the severity of SHPT or the efficacy of PTx among patients. In addition, the specific use of parathyroid scanning for screening would miss patients with severe SHPT who refused to undergo the imaging survey or received only parathyroid ultrasonography. However, the low sensitivity of screening might be compensated by the high specificity in identifying patients with high iPTH levels and high risk of mortality (Supplementary appendix, Supplement Table S3), the two characteristics of severe SHPT. Furthermore, the sensitivity of parathyroid scanning may still be superior to other potential screening tools in NHIRD, given that parathyroid ultrasonography did not have a specific code until July 1, 2004, and the ICD-9 code for parathyroid disease (252.X) was only present in about half of the scanned patients (data not shown). The competence of radionuclide parathyroid scan for patient selection is further suggested by the fact that PTx patients identified in this way accounts for 1.8% of the eligible ESRD population, a proportion quite similar to the proportion of PTx patients in other ESRD cohorts 10, 26, 27 . Second, several important risk factors of mortality in dialysis patients are not available in the NHIRD, such as body mass index, creatinine, serum albumin, and urea clearance. The extensive control of cardiovascular comorbidities in our model might attenuate the confounding effects of these factors, since they usually lead to cardiovascular diseases. However, adjusting for comorbidities can never fully compensate for this limitation. For example, a nearly equal distribution of comorbidities between our matched populations did not guarantee an equal serum albumin level or nutrition status, leaving the possibility that the non-PTx controls might have lower tolerance for the risk of surgery. Unmeasured confounders are the major source of bias, thus our results should be interpreted with caution. Third, conventional medical treatments for SHPT, such as vitamin D sterols and phosphate binders, were not adjusted for in the model owing to the low claim rate in the NHIRD. In other words, these medicines are included in the bundle payment of dialysis, and hence may not be formally recorded. Nevertheless, medical treatments for SHPT were supposed to have failed in our target population; hence the impact of these medicines on clinical outcomes might be relatively small. Finally, the short-term risks of death related to PTx were not evaluated. According to previous studies, the 30-day mortality rate after PTx was approximately 2.0% to 3.1%, but the short-term risk was outweighed by the long-term survival benefits 10, 28 . The crude mortality rate at the first year after PTx in Taiwan was reported to be 2.9% 13 , which is unlikely to reverse the 20% to 25% mortality-reducing effects observed in the present study. In conclusion, among a nationwide cohort of dialysis patients who underwent radionuclide parathyroid imaging, we observed a lower long-term risk of death in patients undergoing PTx in comparison with matched controls. These data should be integrated into the clinical decision-making process when treating ESRD patients with unremitting SHPT.
Methods
Data Source. National Health Insurance (NHI) is a compulsory, universal health insurance program begun study. Since the NHIRD has no laboratory data, to ensure all ESRD patients had high iPTH levels, only those who had received radionuclide parathyroid imaging during the course of maintenance dialysis were enrolled to the cohort. This inclusion criterion guaranteed a high probability of enrolling patients with unremitting SHPT, because in clinical practice, parathyroid scans are usually arranged when a physician fails to control a patient's SHPT medically and is about to recommend PTx. Exclusion criteria were renal transplantation prior to dialysis or a history of any kind of malignancy before the initiation of long-term dialysis. In addition, patients who remained on a dialysis modality different from the original one for more than 3 months during the study period were considered to demonstrate a switch of dialysis modality and also excluded. In the cohort, patients who had undergone radionuclide parathyroid scanning prior to PTx were classified as the PTx group, while those who had undergone scanning but not PTx served as the control group. In both groups, follow-up began at the time patients underwent radionuclide parathyroid scanning. Patients with a diagnosis of thyroid cancer (ICD-9 code 193), parathyroid cancer (ICD-9 code 194.1), or any kind of head and neck tumor (ICD-9 code 140-149, 160, 161, 235, 210) during the study period were excluded to ensure the parathyroid scans were performed specifically for SHPT. Those who had NHI procedure codes for PTx re-exploration but no preceding codes for PTx or PTx with auto-transplantation were also excluded. For the validation of these patient selection criteria, please see the supplementary information in the online version of this paper. The validation used a single hospital cohort, and the study protocol was approved by the Institutional Review Board (IRB) of E-Da hospital (IRB number: EMRP-103-090). The study was carried out in accordance with the approved guidelines, which authorized us a waiver of the requirements for obtaining informed consent.
Definition of Mortality. The enrolled patients were considered deceased if any one of the following criteria was met: (1) positive mortality marked in the registration file for catastrophic illness; (2) coding for in-hospital death in the inpatient claim database; and (3) no claim for dialysis or any medical care in the inpatient or outpatient claim database for more than 60 days. The third criterion is a remedy for the imperfect mortality-coding rate of the NHIRD. Given the full coverage of the Taiwanese NHI for all expenditures of dialysis, the possibility of receiving dialysis at one's own expense in Taiwan is extremely low and negligible. Thus, no claim for any medical care implied a death-related cessation of renal replacement therapy in ESRD patients. Mortality date was determined as either the date of death coding or the date of last dialysis. , and dementia (ICD-9 code: 290) were obtained from both inpatient and outpatient reimbursement data. To avoid inclusion of miscoded outpatients, a comorbidity was confirmed in the outpatient claim database only when its codes were present three or more times within 12 months, with the first and last outpatient visit at least 30 days apart. On the other hand, comorbidity identification in the hospitalization database requires the presence of the codes only once 25, 29 . The comorbidities were recorded in two divided periods. The first was the 1-year period prior to parathyroid scan. Comorbidities in this period in addition to age, sex, dialysis modality, and dialysis duration at the time of scan were risk factors for PTx 7, [11] [12] [13] [14] , and hence were taken into account in the logistic regression model for calculating propensity score, estimating the conditional probability of being assigned to the PTx group. The second period was defined as the time from parathyroid scan to the time of being censored or to the end of the study. Comorbidities in this period as well as the PTx procedure were modeled as time-dependent covariates in the multivariate Cox proportional hazard model for all-cause mortality.
Comorbidity and Propensity
Statistical Analyses. Results were expressed as mean ± standard deviation for continuous variables and as percentage for categorical variables. The mortality rate was calculated by dividing the number of deaths by the number of person-years at risk. To minimize potential confounding, the PTx and control groups were matched based on the propensity score for PTx to achieve a 1:1 case-control match. The matching process used a greedy algorithm 30 . Standardized difference, calculated as the difference in proportions or means divided by a pooled estimate of standard deviation, was utilized to assess the balance of covariates between propensity score-matched groups. The Cox proportional hazard models were applied to the matched populations to evaluate the association of PTx with all-cause mortality. Two kinds of Cox model were constructed for each matched population. Model 1 was adjusted for the matching covariates before parathyroid scan to account for potential residual differences in confounding from the matching processes. Model 2 was adjusted for comorbidities before and after scanning, whereas the comorbidities after scanning were set as time-dependent covariates. In both models, PTx was set as a time-dependent covariate to avoid the immortal time bias 31 , and age, sex, dialysis modality, and dialysis duration at the time of scan were all adjusted. Survival time began from the first date of parathyroid scan and was censored if the patient received renal transplantation, died, or reached the end of the study period. The data were analyzed using the SAS system for Windows, version 9.3, statistical analysis software (SAS Institute, Inc., Cary, NC). For all statistical testing, a two-sided P value < 0.05 indicated a statistically significant result.
